X chromosome inactivation (XCI) is a developmental regulatory process that initiates with remarkable diversity in various mammalian species. Here we addressed the contribution of XCI 15 regulators, most of which are lncRNA genes characterized in the mouse, to this mechanistic diversity.
Introduction
X chromosome inactivation (XCI) is a fundamental epigenetic process that ensures dosage compensation for X-linked genes expression between male and female mammals. X chromosome silencing is triggered early in development by the accumulation of the long non-coding RNA (lncRNA) XIST, which acts as a scaffold for multiple protein complexes, involved amongst others in 5 chromatin remodeling, nuclear organization and RNA modification (Furlan and Rougeulle, 2016) .
The concerted action of these ribonucleoprotein factors results in the conversion of one of the two X chromosomes in females into a compact and transcriptionally silent structure. XIST expression has to be tightly controlled in order to ensure female-restricted inactivation of a single X chromosome in a timely manner. However, it remains intriguing that such an essential process follows species-specific 10 routes in which the dynamics of XIST expression in early developmental stages differs markedly between mouse and human. While in the mouse Xist is restricted to females and to a single X, XIST expression in human pre-implantation development transiently initiates in a manner that is independent of the sex and of the number of X-chromosomes. XIST accumulation precedes the establishment of proper XCI in human pre-implantation embryos resulting in active XIST-coated X-15 chromosomes (Okamoto et al., 2011) . However, the situation eventually homogenizes and Xist/XIST RNA coating becomes restricted to a single Xi in both mouse and human post-inactivation (post-XCI) cells (Vallot et al., 2016) . These observations raise questions regarding the functional conservation of XIST regulatory network across species. We previously identified the transcription factor YY1 as a potent activator of XIST in mouse and human (Makhlouf et al., 2014) , but the activity of the regulatory 20 elements from the genomic region surrounding XIST, known as the X-inactivation center (XIC), has never been addressed in species other than the mouse.
Chromosomal rearrangements in mouse and human have allowed the determination of the physical boundaries of the XIC, defined as necessary and sufficient to trigger XCI. In addition to Xist, other 25 genes were mapped to the mouse Xic, including several protein-coding genes (Slc16a2, Cnbp2, Chic1
and Rnf12) and four additional lncRNA genes (Linx, Tsix, Jpx, and Ftx) . While the order and orientation of Xic-linked genes are globally preserved between mouse and human (Chureau et al., 2002; Duret et al., 2006) , the human XIC underwent a dramatic expansion and is about three times larger compared to its mouse counterpart. Particularly relevant are the lncRNA genes hosted within the Xic, 30 which have been linked to Xist regulation in the mouse: Tsix and Linx acts as major repressor of Xist expression while Jpx and Ftx acts as positive regulators. The mechanistic dissection of these Xiclinked and other lncRNA loci highlighted that their molecular function is not only mediated by the RNA molecule itself, but may also involve various entities such the act of transcription or key regulatory elements embedded within their locus (Cho et al., 2018; Engreitz et al., 2016; Furlan et al., 2018; Paralkar et al., 2016) . For instance, the antisense transcription of the Tsix gene over the Xist locus contributes to the monoallelic repression of Xist (Navarro et al., 2005) ; Tsix transcription is itself controlled by the upstream lncRNA gene, Linx (Giorgetti et al., 2014; Nora et al., 2012) . Ftx transcription has been shown to be essential for Xist expression cis (Furlan et al., 2018) while Jpx was proposed to act through its RNA molecule by binding and titrating away the CTCF protein from 5
the Xist promoter (Sun et al., 2013) . Therefore, it appears more appropriate to define loci producing lncRNAs as lncRNA genes (LRGs) to better emphasize their mechanistic versatility. The antagonistic action of the Xic-linked LRGs is likely facilitated by the spatial segregation of the Xist-and Tsixassociated regulators in two adjacent and oppositely regulated topologically associated domains (TADs) (Nora et al., 2012) . These TADs also delimit internal long-range interactions to ensure 10 contacts between regulatory elements and their target genes; intra-TAD interactions have been described between the Xist and Ftx LRGs and between Tsix promoter and Linx LRG (Furlan et al., 2018; Nora et al., 2012) .
The molecular players controlling XCI have been largely characterized in the mouse, in part due to 15 the lack of cellular models recapitulating the early stage of XIST activation in human. While the differentiation of female mouse embryonic stem cells (ESCs) recapitulates Xist upregulation and XCI, no human ex-vivo model faithfully reproduces the biallelic upregulation of XIST observed during in vivo human embryogenesis. Conventional hESCs displays the hallmarks of primed pluripotency including an inactive X-chromosome coated by XIST (Vallot et al., 2016) . In addition, loss of XIST 20 expression may occur spontaneously upon prolonged culture of primed hESCs through a process identified as "XCI erosion", that involves the ectopic reactivation of a subset of genes from the Xi (Mekhoubad et al., 2012; Vallot et al., 2015) . Nevertheless, the post-XCI context in primed hESCs differ from that of differentiated cells and their use as an XCI model has been proven effective in the identification human-specific XCI regulators such as the lncRNA XACT (Vallot et al., 2013) . It is 25 only recently that methods were developed to reset primed hESCs into the naïve state of pluripotency that matches several features of human pre-implantation embryos, including active X-chromosomes coated by XIST (Guo et al., 2017; Sahakyan et al., 2017; Theunissen et al., 2016; Vallot et al., 2016) .
Indeed, resetting of eroded primed hESCs triggers XIST upregulation concomitantly to Xchromosome reactivation (XCR), although XIST upregulation is often mono-allelic and restricted to 30 the former Xi Vallot et al., 2016) . While the resetting of these cells is currently the only method to trigger XIST upregulation in human, it has never been used to functionally characterize regulators of XIST induction. Altogether, experimental systems are now available to probe the XIST regulatory network in human.
From an evolutionary standpoint, one major challenge is that both LRG functionality, if any, and their mechanism of action are hardly predictable based on the DNA sequence alone. The sequence conservation pattern of LRG evolving under functional constraints is therefore difficult to predict.
For instance, it is known that syntenic LRG often display strong primary sequence turnover during evolution, even among closely related species (Hezroni et al., 2015; Necsulea et al., 2014; Ulitsky et 5 al., 2011; Washietl et al., 2014) , whose impact on LRGs functional conservation is still poorly understood. In rare studies where the functional conservation of lncRNA molecules has been addressed, orthologues display short patches of conserved sequence that are necessary, but not sufficient, for their function (Lin et al., 2014; Ulitsky et al., 2011) . While this sharp contrast with the evolutionary stability of protein-coding genes raised controversies on LRGs functionality, 10 experimental investigations have been too limited to provide a definitive understanding of the rules underlying LRGs functional conservation. X-chromosome inactivation provides an interesting experimental paradigm to test this since LRG orthologs are found in the human XIC (Romito and Rougeulle, 2011) .
15
In this study, we investigated the regulatory network involved in the initial steps of XIST expression in human during early embryogenesis. The analysis of single-cell RNA-seq data from early human embryos designated JPX as a potent candidate for XIST regulation in human. Using a panel of functional approaches to target various modules of JPX LRG, we could show that, while human JPX transcripts are dispensable for this process, transcription of the JPX locus is essential to sustain XIST 20 transcription in post-XCI cells. This process is fostered within a sub-TAD domain that involves RNA polymerase II-mediated 3D interactions. By resetting primed hESCs carrying various deletions of JPX promoter region, we demonstrate that this system is suitable to investigate regulators of XIST upregulation in human and identify the JPX LRG as a major cis-regulator of XIST transcriptional activation. We also re-addressed the role of Jpx RNA, matching cellular models and functional 25 approaches between human and mouse. We could identify that Jpx RNA acts as a positive regulator of Xist in mouse post-XCI cells and our findings suggest that Jpx regulates Xist accumulation in a post-transcriptional manner. In addition to identifying of a novel regulator of XIST expression in human, these findings provide a striking demonstration of the mechanistic diversification of orthologous LRGs, which sheds new light on the importance of these noncoding elements in defining 30 species-specific regulatory mechanisms within constrained gene regulatory networks.
RESULTS

Identification of candidate regulators of XIST during early human embryonic development.
To examine whether human XIC-linked genes are involved in the initial upregulation of XIST in vivo, we investigated their expression kinetics during early embryogenesis ( Figure 1A) , using single-cell RNA-seq datasets obtained from human pre-implantation embryos (Petropoulos et al., 2016; Yan et 5 al., 2013) . XIST expression initiates between the four-and eight-cell stages ( Figure S1A ), corresponding to embryonic day 4 (E4, Figure 1B) , and increases hereafter, more predominantly in females than in males. While most of XIC-linked genes remained lowly expressed throughout preimplantation development, RLIM and JPX show the highest levels at the early embryonic days, although they display different expression trajectories ( Figure 1C ). The expression of the protein-10 coding gene RLIM is the highest at E3 in both male and female embryos and rapidly decrease in the following days, prior to XIST induction ( Figure S1B ). This pattern likely reflects strong maternal inheritance of RLIM transcripts, which is consistent with previous observations made in the mouse (Shin et al., 2010) . In contrast, low levels of JPX could be detected at the 2-4 cells stage, followed by a major burst of expression at the 8-cell stage ( Figure S1A ) or E4, coinciding with XIST initial 15 induction ( Figure 1D ). Except at the E3 stage, JPX was broadly expressed, independently from the sex of the embryos, although JPX levels were almost twice in females compared to male embryos, suggesting an early transcription from the two active X-chromosomes ( Figure 1D ). Using an RPKM threshold to define XIST and JPX expressing cells in female embryos ( Figure 1E ), we found that the majority of the cells were expressing either JPX or JPX and XIST concomitantly, with very few XIST-20 only expressing cells at the early embryonic days (E3 and E4, Figure 1F ). This pattern suggests that JPX activation may shortly precede XIST induction and that the two genes become eventually coexpressed in a vast proportion of cells as development progresses. JPX and XIST expression levels were weakly correlated at early stages of embryogenesis ( Figure 1G ) and within embryonic lineages ( Figure 1H ), indicating that JPX transcriptional activation, but not the level of its RNA products, may 25 be a prerequisite for its function. These results point toward the JPX LRG as a candidate for the regulation of the initial induction of XIST expression during pre-implantation development.
JPX RNA is dispensable for XIST expression in human
The JPX LRG derived from the pseudogenization of the protein-coding gene USPL after the 30 divergence of eutherians and marsupials, and evolved concomitantly to XIST (Elisaphenko et al., 2008; Hezroni et al., 2017) , although the two genes display distinct evolutionary trajectories ( Figure   2A ). While XIST present strong signs of positive selection in both intronic and exonic regions, the JPX LRG evolved through a quasi-neutral selection, as illustrated by a conservation score close to zero along the entire locus ( Figure 2B ). This strong sequence turnover is essentially due to species- (Petropoulos et al., 2016) were used to probe for XIST regulators. Also shown is the timing of XIST induction along with observed XCI dynamics. (B) XIST expression is upregulated in male and female embryos from E4. RPKM: Reads Per Kilobase Million (C) Analysis of single cell expression of XIC-linked genes from E3 to E6 reveals that JPX induction precedes that of XIST. (See also Figures S1A and S1B). (D) JPX is expressed with comparable kinetics in male and female embryos. (E) The plots represent the distribution of the log2 RPKM values for JPX and XIST, in female cells from E3 to E6 stages. Red dashed line represents the cutoff used to define JPX and XIST expressing cells, on which panel (F) is based. (F) Combined analysis of JPX and XIST expression in single cells showed that the proportion of cells expressing JPX alone decreased during development, while the percentage of cells co-expressing the two genes increased (Chi-square test). n.s., not significant, ***p<0.001; ****p<0.0001. (G-H) JPX and XIST expression levels were weakly correlated in early stages of embryogenesis and in the different lineages. specific integration of transposable elements in this region (Chureau et al., 2002; Kolesnikov, 2010) , resulting in poor multiple alignment of the homologous region of five eutherian species ( Figure 2B ).
Figure 1
As observed for numerous LRGs (Hezroni et al., 2017; Hezroni et al., 2015; Washietl et al., 2014) , signs of purifying selection on the JPX gene are concentrated toward the promoter region, including the first exon that contains two highly conserved region of ~20 nucleotides embedded within the 5 mouse and human transcripts. As the human and mouse genes bear limited sequence identity (Chureau et al., 2002) , we examined several features of JPX in human, such as its expression pattern and inactivation status in multiple human cell lines. We found that JPX expression is not restricted to pre-implantation development but is ubiquitous across a wide range of human tissues ( Figure S2A ).
Similarly to the pre-XCI state, JPX transcripts levels appeared consistently higher in females 10 compared to males, suggesting expression from both active and inactive X and, thus, escaping from XCI. To confirm this hypothesis, we performed RNA fluorescence in situ hybridization (FISH) to detect simultaneously sites of JPX active transcription and of XIST RNA accumulation. In both pluripotent and differentiated cellular contexts, JPX was expressed in every cell and a pinpoint of transcription was associated in cis to XIST RNA cloud in about ~80 to 85% of cells ( Figure 2C and 15 S2B), confirming a strong tendency for JPX to escape XCI.
We next analyzed the function of JPX transcripts as they were described as the major functional component in the mouse (Tian et al., 2010) . We used an LNA-GapmeR (LGs)-mediated knockdown (KD) strategy ( Figure 2D ) that have been previously used for the functional analysis of several 20 lncRNAs (Furlan et al., 2018; Leucci et al., 2016; Luo et al., 2016; Tripathi et al., 2010) . To address JPX function in an embryonic context, we carried out this analysis in non-eroded primed female hESCs, with a percentage of XIST-expressing cells above 90% (Vallot et al., 2015) . Robust depletion of JPX mature transcripts could be achieved in both H9 and WIBR2 lines ( Figure 2E and S2C) using three distinct hLGs targeting JPX second exon, which is common to all of JPX RNA isoforms. As 25 previous studies reported that oligonucleotides containing LNA bases could result in transcriptional inhibition (Beane et al., 2007) , we verified that hLGs were not affecting JPX nascent transcription by performing JPX RNA-FISH ( Figure 2F ), allowing us to address unambiguously the function of the mature transcripts. In both hESCs lines, XIST RNA levels and accumulation within the nuclei remained unaffected by JPX KD, as monitored by RT-qPCR ( Figure 2G LGstargeted exons). (E) JPX RNA levels are reduced following LG transfection, RT-qPCR, n=3 (see also Figure S2C ). (F) LGs targeting human JPX RNA did not impact on the number of cells transcribing JPX in primed H9 hESCs, RNA-FISH. Percentages indicate JPX positive cells, Fischer's exact test. (G) XIST RNA levels are unaffected following JPX LG-depletion in primed H9 and WIBR2 hESC (see Figure S2C ), RT-qPCR, n=3. (H-I) JPX KD did not affect the number of cells expressing XIST (Chi-square test) or the volume of XIST RNA territory, RNA-FISH, Mann-Whitney test (see also Figure S2D -S2F). (J) In naïve hESCs, JPX was efficiently downregulated 48h post-lipofection (unpaired one-tailed t-test, n=2). JPX KD did not result in changes in XIST RNA levels, RT-qPCR. Expression of pluripotency markers was not affected in these conditions (see Figure S2G ), neither was the activity status of the X chromosomes (see Figure S2H ). (K) JPX KD did not impact on the number of cells expressing XIST, RNA-FISH.
Scale bars are 5 µm. Error bars represent standard deviation; n.s., not significant; *p<0.05, **p<0.01 and ***p<0.001. Number of counted cells is in brackets. 
LNA GapmRs
Primed H9 Considering that JPX is broadly expressed during human pre-implantation development, we hypothesized that JPX RNA could function specifically in a pre-XCI context. To test this, we performed JPX KD in naïve hESCs that were reset from primed hESCs using recently published methods Vallot et al., 2017) . These cells display XIST-expressing active Xchromosomes and represent the closest in vitro model of pre-XCI as observed in pre-implantation 5 human embryos (Guo et al., 2017; Sahakyan et al., 2017; Theunissen et al., 2016; Vallot et al., 2017) .
JPX was efficiently knocked-down in naïve hESCs, without impacting on the expression of naïvespecific markers ( Figure S2G ). In these conditions, neither XIST expression ( Figure 2J ) nor its pattern of accumulation ( Figure 2K ) were affected by JPX RNA depletion. We also monitored the activity status of the X-chromosomes by monitoring the ATRX expression by RNA-FISH as its expression 10 only restricted to fully active X-chromosome (Vallot et al., 2015) ; ATRX transcription remained biallelic in a vast majority of cells suggesting that JPX is not involved in XCI per se ( Figure S2H ).
Taken together, these results exclude a function of the JPX RNA in the expression of XIST and XCI in both pre-and post-XCI cells.
15
XIST expression requires JPX transcription.
Considering that JPX is the closest gene in 5' to XIST (Johnston et al., 2002) , we wondered whether JPX could be part of the XIST cis-regulatory landscape, independently from its RNA transcripts. We characterized long-range interactions surrounding XIST promoter region using published Hi-C (Rao et al., 2014) and ChIA-PET datasets (Ji et al., 2016 ) generated from female cell lines. This revealed 20 a partitioning of the human XIC into discrete spatial domains that resembled the organization into topological associated domains (TADs) of the mouse syntenic region (Nora et al., 2012 ) ( Figure 3A) .
Notably, the boundaries of the XIST-associated TAD (~TAD E) fall within XIST locus and upstream of the RLIM gene in both species ( Figure 3A ). Closer inspection of the XIST-associated TAD in human (Dowen et al., 2014; Hnisz et al., 2016; Ji et al., 2016) revealed that CTCF-CTCF loops formed 25 an insulated chromatin neighborhood hosting preferential contacts between XIST promoter region and the JPX gene ( Figure 3B ). The CTCF loops anchor a region in the vicinity of XIST TSS (XISTp, +2,9 kb) to two upstream intragenic regions, or hotspots, located within the JPX (Ht1, +163 kb) and FTX (Ht2, +283 kb) genes. All anchors were co-occupied by CTCF and the cohesin complex, but were not enriched in chromatin marks or proteins associated with active enhancers ( Figure S3A ). 30
Although a similar organization of the XIST-associated TAD was observed on the sole active X chromosome of male fibroblasts ( Figure S3B ), we found that XIST/JPX long-range interactions were associated with RNA polymerase II (RNAPII) only in female datasets , while no peak was reported in that of male ( Figure 3B , data not shown). This suggests a female-specific transcriptional association of XIST and JPX that likely occurs on the Xi ( Figure 3B ). This hypothesis is further supported by the high number of cells (>80%) co-transcribing XIST and JPX from the Xi as assessed by RNA-FISH in several cell lines ( Figure 2A ). These long-range interactions were also detected in CTCF and SMC1 ChIA-PET datasets obtained from female naïve hESCs (Ji et al., 2016) , suggesting that these loops occur independently from the XCI status of the cells ( Figure S3C ).
5
As insulated chromatin neighborhoods have been shown to favor the communication between genes and their regulatory elements (Ji et al., 2016; Sun et al., 2019) , we hypothesized that XIST/JPX longrange interactions could provide a structural framework for JPX transcription to regulate XIST expression. To test this hypothesis, we used a CRISPR inhibition strategy (CRISPRi) (Gilbert et al., 2013) in female primed H9 hESCs, where three guide RNAs were used independently to recruit a 10 catalytically inactive Cas9 fused to a KRAB co-repressor to the JPX 5' region, in order to prevent its transcription ( Figure 3C ). This system efficiently triggered the local deposition of the H3K9me3 repressive mark on a restricted region surrounding JPX transcription start site (TSS) ( Figure 3D ). As a result, RNAPII recruitment to JPX TSS was compromised ( Figure S3D ) and transcription at the locus was severely impaired; JPX remained transcribed in less than ~15% of the cells as assessed by 15
RNA-FISH ( Figure 3E ) and JPX RNA levels were reduced by 90% ( Figure S3E ). RNAPII occupancy was also decreased at the Ht1 ( Figure 3F ), indicating that this strategy efficiently reduced RNAPII processing along the 70 kb of the JPX gene. In these conditions, XIST steady-state RNA levels were significantly reduced ( Figure 3G ), as were the percentage of cells with XIST accumulation ( Figure   3H ) and focal enrichment of the H3K27me3 repressive mark ( Figure S3F ). In addition, the cells that 20 retained XIST expression displayed smaller XIST RNA cloud compared to the control condition ( Figure 3H ), indicating that all cells in the population were affected by JPX inhibition. As XIST repression may result from XCI erosion, we tested whether inhibition of JPX transcription could favor this process. For this, we monitored the accumulation of the XACT lncRNA and the transcription of the POLA1 gene from the Xi by RNA-FISH, as the expression of these genes from the Xi are early 25 markers of XCI erosion and precedes the loss of XIST expression in H9 hESCs (Vallot et al., 2015) .
Inhibition of JPX transcription did not trigger either XACT or POLA1 transcription from the XISTcoated Xi ( Figure S3G ) and the two genes remained solely expressed from the active X. Moreover, we could not link the reduction of XIST expression to perturbation of YY1 binding on XIST promoter ( Figure S3H ), a known regulator of XIST expression in human cells (Makhlouf et al., 2014) , 30
suggesting that JPX acts through YY1-independent mechanisms. We also verified that reduced XIST expression did not result from an ectopic deposition of H3K9me3 at XIST promoter due to the CRISPRi strategy ( Figure S3I ). Altogether, our results, which were reproduced in another primed hESCs line (WIBR2, Figure S3J -K), demonstrate that JPX transcription is required for proper XIST expression. (A) The human XIC is partitioned in discrete topological domains (TAD C to F) that are syntenic to that of the mouse Xic (TAD D to F); Xist/XIST TAD E boundaries are highlighted by black arrows. HiC data from human fetal fibroblasts and mouse ESC (Bonev et al., 2017; Rao et al., 2014) . Error bars represent standard deviation; n.s., not significant; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. Unpaired two-tailed t-tests to the empty condition unless stated otherwise. Number of counted cells is in brackets. (Dekker et al., 2017) . Called loops are highlighted by blue circles. (C) In naïve hESCs from (Ji et al., 2016) , JPX and XIST are interacting through SMC1-mediated loops, which coincide with CTCF-mediated loops in Fig.2a . The heatmap represents raw SMC1 interactions and arcs represents high confidence loops. Error bars represent standard deviation; n.s., not significant; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. Unpaired two-tailed t-tests to the empty condition unless stated otherwise. Number of counted cells is in brackets.
XIST expression requires a functional JPX allele in cis.
To further explore the contribution of JPX transcription to XIST regulation, we generated deletions of JPX promoter region in primed hESCs using the CRISPR-Cas9 technology. Based on JPX promoter features and its expression in H9 cells, we designed guides RNAs to delete a ~7kb region 5 encompassing the three first exons of JPX ( Figure S4A ). We developed a strategy where hESCs cotransfected with two sgRNAs, each targeting a region upstream and downstream of JPX TSS, could be selected based on the expression of a fluorescent gene, GFP and mCherry, respectively ( Figure   S4B ). Therefore, FACS-sorting of double positive cells maximizes the probability to obtain clones with a direct deletion of JPX promoter. This approach allowed us to interrogate the contribution of 10 JPX transcription to XIST regulation in an allele-specific manner, and tease apart cis-from transeffects of the LRG ( Figure 4A ). However, as no SNP could be identified in H9 cells within the deleted region, we systematically performed simultaneous JPX and ATRX RNA-FISH to determine on which of the two X-chromosomes (Xa or Xi) JPX was still transcribed. Using this strategy, we selected two clones carrying heterozygous deletions of JPX promoter region for further investigation, in which the 15 deletion occurred either on the active X-chromosome (∆JPX-Xa) or on the inactive X (∆JPX-Xi) ( Figure 4B and S4C-D) . Interestingly, the two clones displayed different JPX RNA levels depending of the deleted allele, with the expression level in ∆JPX-Xa clone reaching only ~15% of that of the WT clone, and ~80% in the ∆JPX-Xi clone ( Figure 4C ). This is in agreement with JPX being predominantly expressed from the Xa in WT cells, as found for most genes that escape XCI (Carrel 20 et al., 1999) . Remarkably, we found that XIST expression was perturbed exclusively in the ∆JPX-Xi clone with RNA; XIST RNA levels were reduced by half compared to the WT and ∆JPX-Xa clone ( Figure 4D ) with only ~55% of the cells displaying XIST RNA accumulation ( Figure 4E ) and
H3K27me3 foci ( Figure S4E ). Moreover, XIST RNA territory in the remaining XIST-positive cells were significantly smaller in the ∆JPX-Xi clone ( Figure 4F ), indicating that XIST expression was also 25 impacted in those cells. Altogether these results show that transcription originating from the JPX promoter region is required to sustain XIST expression in cis in human post-XCI cells. Moreover, the fact that JPX RNA levels were the least perturbed in the ∆JPX-Xi clone ( Figure 4C ) confirmed that JPX RNA does not control XIST expression in human.
30
As JPX induction seems to precede XIST upregulation during human pre-implantation development, we investigated whether its transcription could be important for the de novo induction of XIST expression. To do so, we proceeded to the chemical resetting of the primed ∆JPX and WT lines into the naïve state of pluripotency (Guo et al., 2017) . As a control, we also converted fully XIST-negative eroded primed hESCs to ensure that the resetting process could efficiently trigger XIST upregulation 35 and X-chromosome reactivation (XCR) as observed with this method (Guo et al., 2017) and others Theunissen et al., 2016; Vallot et al., 2017) . After 7 passages (~45 days) in naïve culture medium, all cell lines displayed dome-shaped colonies ( Figure S4F ) and proper induction of key naïve-specific pluripotency markers ( Figure 4G ) such as the transcription factors KLF4 and LBP9 (Takashima et al., 2014) , indicating an efficient transition to the naïve-like state. 5
XCR was observed to same extent in all cell lines, as inferred from the bi-allelic transcription of ATRX (~75-85%, Figure 4H ), which confirmed that XCR occurred independently from the XISTexpressing status of the parental primed hESCs . XCR could also be detected at the level of XIC-linked genes, notably by the biallelic transcription of the Xa-specific FTX gene ( Figure S4G ) and for JPX, which is more expressed in naïve ∆JPX-Xa cells compared to primed 10 ( Figure 4I ). We found that XIST was strongly reactivated upon the resetting of the eroded cells ( Figure   4J ), with the proportion of naïve XIST-expressing cells reaching about 95%, as assessed by RNA-FISH ( Figure 4K ). In agreement with previous studies, XIST accumulation remained mostly monoallelic and likely confined to the former Xi, with less than 3% of XaXa cells displaying biallelic XIST RNA clouds. Resetting of XIST-expressing cells (WT and ∆JPX-Xa clones) did not increase the 15 proportion of biallelic XIST RNA clouds and XIST RNA clouds remained associated to the former Xi . By contrast, XIST reactivation could not be observed in cells where JPX is deleted on the Xi allele, in which XIST expression remained low and restricted to an even lower percentage of cells, compared to primed conditions (38% naïve vs. 58% primed, Figure 4K ). Deletion of the JPX promoter region thus prevents de novo XIST upregulation in cis during conversion of 20 primed to naïve human ESCs. These analyses altogether suggest that JPX transcription is required for proper XIST upregulation in cis during early human pre-implantation development.
Jpx RNA regulates XIST expression in mouse post-XCI cells.
Previous studies have shown that the deletion of a single allele of the Jpx gene or shRNA-mediated 25 knockdown of Jpx is sufficient to prevent Xist upregulation (Carmona et al., 2018; Tian et al., 2010) , with Jpx acting through RNA-based mechanisms, both in cis and in trans. Considering the discrepancy with the results we obtained in human, we decided to revisit the function of Jpx RNA in the mouse, by rigorously matching both our experimental approaches and the cellular models. We performed LGs-mediated KD experiment in mouse embryonic fibroblasts (pMEFs) and murine 30 epiblast-derived stem cells (EpiSCs). Murine EpiSCs share similarities with primed hESCs in terms of transcriptional signatures, signaling pathways and XCI status (Brons et al., 2007; Tesar et al., 2007) , while pMEFs parallel the primary fibroblasts of fetal origin used in this study ( Figure 2C-H and S2F-G). Both cell types display one inactive X-chromosome coated by Xist and express Jpx.
First, we investigated mouse Jpx RNA function in primary mouse embryonic fibroblasts (pMEFs) Figure S4C and S4D ). (C) ∆JPX-Xa cells displayed a ~80% reduction of JPX RNA levels compared to WT, while a moderate decrease was observed in ∆JPX-Xi cells (~20%), suggesting an asymmetric expression of JPX from the two X chromosomes, RT-qPCR, n=4. (D) XIST steady states RNA levels were reduced when JPX promoter was deleted in cis (∆JPX-Xi), but not in trans (∆JPX-Xa), RT-qPCR, n=4. (E-F) In ∆JPX-Xi cells, both the number of cells expressing XIST (Chi-square test) and the volume of XIST RNA cloud (Mann-Whitney test) were reduced, RNA-FISH. (See also Figure S4E ). (G) Average log2 fold-change of transcript levels between the naïve and the parental primed hESC clones for a selection of markers, RT-qPCR, n=3. (See also Figure S4F ). (H) The Xi was properly reactivated in more than 70% of cells in the different cell lines based on biallelic expression of ATRX, RNA-FISH. (See also Figure S4G ). Log2 Fold change(Naive/primed) Figure   5A ). This approach was efficient in depleting Jpx RNA ( Figure 5B ), and the strongest effect was obtained with the mLG1, which is expected to target all Jpx RNA isoforms. The three LGs induced a decrease in spliced Xist RNA levels ( Figure 5C ) that correlated with the extent of Jpx RNA depletion 5 (Pearson correlation = 0.96, p-val. = 0.035), suggesting a dose-dependent effect of Jpx RNA. RNA-FISH analyses revealed that most of the cells were affected by Jpx KD, as both the percentage of Xist positive cells and the volume of the remaining Xist RNA clouds were reduced ( Figure 5D ). As previously, we verified that the observed effects of Jpx mLGs were not due to transcriptional inhibition through quantification of Jpx nascent transcripts by RNA-FISH and after ethynyl uridine 10 (EU) incorporation followed by pull-down ( Figure S5A-B) . We could thus conclude that the observed Xist downregulation can be attributed to the depletion of Jpx mature transcripts only, and not to alterations of Jpx ongoing transcription. Similarly to pMEFs, depletion of Jpx RNA in EpiSCs led to a decrease in Xist RNA levels ( Figure 5E ), without ectopic expression of Xist negative regulators in the mouse, namely its antisense Tsix (Figure 5F ) or the pluripotency factors REX1 and KLF4 ( Figure  15 5G) (Navarro et al., 2010) . These data demonstrate the contribution of mouse Jpx RNA to the maintenance of Xist expression in post-XCI cells and confirm the role of Jpx as a potent regulator of Xist.
Mechanisms of XIST regulation by JPX have diversified during evolution 20
To further decipher the mechanisms underlying the different molecular function of JPX, we investigated which step of Xist/XIST biogenesis was under the control of the Jpx/JPX LRG in mouse and human. Since previous work reported that Jpx RNA could activate Xist by evicting the CTCF protein from its TSS (Sun et al., 2013) , we investigated CTCF binding profile across the Xist promoter upon Jpx KD in pMEFs. Binding of CTCF to a position ~1kb upstream of Xist TSS was significantly increased 25 upon Jpx KD ( Figure 6A ), an effect we also observed on the imprinting control region of H19 ( Figure   S6A ). Nevertheless, we probed the impact of this change of CTCF binding on Xist transcription by measuring the level of Xist premature transcripts. Quite unexpectedly, we could not detect changes in Xist premature transcript, suggesting that transcription was unaffected by Jpx KD (Figure 6B ). To confirm this, we performed nascent RNAs pulldown ( Figure 6C ) and single-cell level by RNA-FISH 30 using stranded oligo-probes detecting Xist first intron ( Figure 6D ). While these approaches were (Brons et al., 2007; Tesar et al., 2007) in EpiSC transfected with control or Jpx-targeting LG, normalized to expression in mESC, RT-qPCR, n=3. Error bars represent standard deviation; n.s., not significant; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. Unpaired two-tailed t-tests to the control LG unless stated otherwise. See also Figure S5 . In striking contrast, XIST unspliced RNA levels were strongly decreased following inhibition of human JPX transcription, independently of CTCF binding changes ( Figure 6E-F) . This was further supported by the observed reduction of phospho-Ser5 RNAPII recruitment at XIST promoter ( Figure   5c ). Severe impairment of XIST ongoing transcription following JPX transcriptional inhibition was also evident at the single-cell level, when stranded oligo-FISH probes were used to detect human 5
XIST intronic regions ( Figure 6H ). This suggests a transcriptional crosstalk between JPX and XIST in human, where ongoing transcription across the JPX locus would favor the recruitment of the transcription machinery at XIST, possibly through local 3D interaction and chromosomal looping.
Our results therefore demonstrate that not only the functional module of Jpx/JPX differs between human and mouse, but also their mode of action to regulate Xist/XIST. 10
DISCUSSION
Here, we interrogated the XIST regulatory network in human early development, and the extent to which regulatory networks essentially based on LRGs operate similarly in different species. Through unbiased analysis of expression dynamics of XIC-linked genes, we identified JPX as the best 15 candidate for promoting XIST activation, and through functional investigation in various human contexts, we demonstrated a major and ubiquitous role for JPX in XIST expression. Doing so, we provided the first evidence that resetting human primed to naïve pluripotent stem cell may constitute a system of choice to study the regulatory network at stake for post-fertilization XIST activation in human. We further determined that transcription across JPX is important in this process and that JPX 20 RNA is not involved in XIST regulation in human cells. Furthermore, JPX acts in cis to promote XIST transcription, while we show that Jpx RNA acts downstream of Xist transcription on Xist metabolism in the mouse. The choice of cellular models was critical for the comparative analysis of JPX/Jpx mode of action in human and mouse. Indeed the early steps of XCI differs markedly in these species, with initial XIST up-regulation being uncoupled from XCI in human, and, more importantly, not 25 currently recapitulated in any ex vivo model. We therefore chose to focus most of our investigation on the maintenance of XIST expression, for which comparable cellular systems were available in the two species studied. The reproducibility of the results in two post-XCI contexts, primed pluripotent stem cells and fetal fibroblasts, strengthens our conclusions and provide the first evidence that an LRG from the XIC plays similar function in different mammalian species but operates via different 30 mechanisms. Jpx/JPX therefore stands as a key component of the Xist/XIST regulatory network in mouse and human. Figure S6A ) (B) KD of Jpx RNA did not impact on Xist premature transcript levels, intronic RT-qPCR, n=3 (See also Figure S6B -D). (C) Xist transcription was affected by Yy1 KD, but not by Jpx KD, in pMEFs when quantified after pulldown of EU-labelled nascent transcripts, RT-qPCR, n=3. (D) Jpx KD did not affect Xist ongoing transcription (intron 1 stranded oligo-FISH probes) but only on its accumulation (p510 probe) (Fisher's exact test). Yy1 KD affects both transcription and accumulation of Xist. (See also Figure S6E ) (E) In human, JPX CRISPRi did not affect CTCF enrichment at XIST promoter or at both interaction hotspots, ChIP-qPCR, n=3. (F) XIST premature transcripts levels are reduced following JPX CRISPRi, intronic RT-qPCR, n=3. (G) Inhibition of JPX transcription prevented RNAPII (CTD-phospho-Serine5) recruitment at XIST promoter, ChIP-qPCR, n=4. (H) The number of cells with XIST RNA accumulation (G1A probe) and transcription (intronic stranded oligo-FISH probes) is reduced following JPX CRISPRi.
Error bars represent standard deviation; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. Unpaired twotailed t-tests to control condition unless stated otherwise. Error bars represent standard deviation; unpaired two-tailed t-test, *p<0.05; **p<0.01. 
Xist p510
Xist intron 1 Merge E Addressing the functional conservation of LRGs is a challenge given their fast evolutionary rate.
Overexpression of human JPX RNA in trans was recently shown to complement heterozygous deletion of mouse Jpx during the establishment of XCI, suggesting that the human RNA might be functional in an ectopic context (Karner et al., 2019) . Such rescue experiments using orthologous LRGs, as opposed to our strategy to tackle the role of mouse and human Jpx/JPX in the respective 5 species, reveal the effect of the environment on LRG mode of action but do not interrogate LRGs' function in their endogenous contexts. The lack of XIST deregulation upon JPX RNA depletion in all human cellular contexts that we tested, together with the fact that deleting JPX impacts on XIST only in cis strongly argues against a major role for JPX RNA in trans during human XCI.
10
The mechanistic diversification we observed between mouse and human might be a consequence of the changes within the chromatin neighborhood encompassing the JPX locus in human. For instance, our previous work suggested that transcriptional activity of Xist in the mouse is, at least partially, regulated in cis by transcription of the neighboring Ftx LRG, independently of the Ftx RNA products (Furlan et al., 2018) . Interestingly, Ftx is located 141 kb upstream of Xist, which is comparable to the 15 distance bridging XIST promoter to the interaction hotspot Ht1 (~163 kb) within the human JPX, and interacts through CTCF-mediated loops with Xist (Furlan et al., 2018) . It is within this insulated chromatin neighborhood, which has been reshaped between mouse and human, that constraints on the JPX locus might have favored diversification of JPX mode of action on XIST. One compelling hypothesis from this model is that XIST transcriptional cis-regulators in eutherian species could have 20 been co-opted based on features such as linear distance from XIST promoter, local 3D organization and XCI escaping profile. Importantly, this scenario is reminiscent of what has been observed for enhancer evolution (Villar et al., 2015) , and is thus likely not restricted to JPX evolution but may apply to other orthologous LRGs.
25
Finally, what our study provides is a proof of concept that orthologues may act differently in various species, thus epitomizing the mechanistic plasticity of LRGs through evolution. Diversification of LRGs across evolution could confer molecular drift to developmental processes, contribute to species adaptability and fitness: their strong turnover offers a plausible mechanism for generating phenotypic diversity in the control of gene expression across evolution. One major challenge is the systematic 30 identification of versatile LRGs. Indeed, both LRGs functionality, if any, and their mechanism of action are hardly predictable based on the DNA sequence alone. Like for JPX, syntenic LRGs often display strong primary sequence turnover during evolution, even among closely related species (Hezroni et al., 2015; Necsulea et al., 2014; Ulitsky et al., 2011; Washietl et al., 2014) . The impact of such turnover on LRGs functional conservation is still poorly understood. In rare studies where 35 the functional conservation of lncRNA molecules has been addressed, orthologues display short patches of conserved sequence that are necessary, but not sufficient, for their function (Lin et al., 2014; Ulitsky et al., 2011) . This contrasts sharply with the evolutionary stability of protein-coding genes and has often raised controversies about LRGs functionality. Our study pave the way for systematic experimental investigations of LRGs functional conservation with the aim to provide a 5 definitive understanding of underlying rules. Whether mechanistic or functional, this plasticity appears to be an essential parameter to take into consideration in the context of animal modelling of human diseases involving LRGs.
STAR METHODS
Cell culture.
Primary mouse embryonic fibroblasts (pMEFs) and primary fetal lung fibroblast (IMR90, ATCC CCL-186) were cultured in Dulbecco′s modified Eagle medium (DMEM, Gibco) supplemented with 10% of heat-inactivated Fetal Bovine Serum (FBS, Gibco), 100U/mL of penicillin and 100µg/mL of 5 streptomycin (Thermo Fisher Scientific). Cells were routinely passaged 0.05% Trypsin-EDTA (Thermo Fisher Scientific) and cultured in 20% O2 and 8% CO2 at 37°C.
Female EpiSCs (gift from Alice Jouneau) were cultured using chemically defined medium (CDM) as previously defined (Brons et al., 2007) , supplemented with Activin A (20ng/mL, Cell Guidance System) and Fgf2 (12 ng/mL, Cell Guidance System). EpiSCs were passaged using 4 mg/mL 10 Collagenase II (Sigma) and then plated into plates pre-coated with fetal bovine serum.
H9 (Thomson et al., 1998) and WIBR2 (Lengner et al., 2010) primed ES cells were cultured on Matrigel-coated culture dishes (BD Biosciences) in mTeSR™1 media (Stemcells technologies) according to the manufacturer instructions, in 20% O2 and 5% CO2 at 37°C. Primed hESCs were routinely passaged in clumps using a 0.5mM EDTA solution as previously described (Beers et al., 15 2012) . For experiments requiring single-cell suspension, cells were incubated with Accutase (Stemcells technologies) and plated in fresh mTeSR™1 media supplemented with 10µM of Y-27632 (Stemcells technologies).
Naïve H9 NK2 cells (Takashima et al., 2014) were cultured in 5% O2 and 5% CO2 at 37°C on CF1 pMEFs were derived from 13.5 days post-coitum embryos obtained from crosses of CD1 and Crl:CD1(ICR) mice (Charles River). Embryos were manually cut, further dissociated in 0.05% Trypsin-EDTA (Thermo Fisher Scientific) and plated on gelatin-coated dishes. At confluence, pMEFs were frozen until further use (passage 1) and all experiments were performed between passage 30 1 and 4, from at least three independent female embryos.
Conversion of primed to naïve hESCs.
Prior to conversion, primed hESCs were cultured with mTeSR™1 media (see above) in hypoxia (5% O2 and 5% CO2) for three passages. Primed hESCs were converted into a naïve-like state using the NaïveCult™ Induction Kit cells (STEMCELL technologies) following the guidelines of the manufacturer. Briefly, resetting was launched using 200 000 single-cells plated onto a layer of immortalized MEFs under hypoxic condition. Cells were routinely passaged using TrypLE express enzyme (Thermo Fisher Scientific). RNA samples and cells for RNA-FISH analysis for primed and naïve hESCs were collected at different passages in mTeSR™1 in hypoxia and in expansion medium (day 43/passage 6) respectively. RT-qPCR primers were previously described (Wang et al., 2014) . 5
LNA GapmRs and si-RNAs lipofection.
All LNA Gapmers (LGs) were designed using the Exiqon online tool (https://www.exiqon.com/) and the siRNA targeting YY1 was previously described (Makhlouf et al., 2014) . A non-targeting LG and si-RNA were used as negative controls.
LGs were lipofected using the RNAi Max transfection Total RNAs were collected using TRIzol (Thermo Fisher Scientific) and extracted following the 25 manufacturer's instruction. RNA Samples were treated using the DNA free Kit (Thermo Fisher Scientific) following the manufacturer recommendations. RNAs were reverse transcribed for 30 min at 50°C using the Superscript IV kit (Thermo Fisher Scientific). cDNAs were diluted 1:5 in water and transcripts expression level was assessed by real-time quantitative PCR (RT-qPCR) using the Power SYBR Green Master Mix (Thermo Fisher Scientific). All samples were run in duplicate on a ViiA-7 30 real-time thermal cycler (Applied Biosystems). Transcripts RNA levels were normalized against a reference gene following the 2-ΔCt method. Unless stated, the Rplp0 gene was used as a reference mouse samples and GAPDH for human samples. All the RT-qPCR primers used in this study are listed in the Table S1 .
Western Blot.
Total proteins were extracted with Laemmli lysis buffer (4% SDS; 20% glycerol; 10% 2mercaptoethanol; 0.004% bromophenol blue; 0.125M Tris-HCl) and sonicated on a Bioruptor Sonication System (Diagenode, UCD-200). After 5 min denaturation at 95°C, the samples were 5 loaded into a 4-12% gradient polyacrylamide gel (Invitrogen) for SDS-PAGE electrophoresis and transferred onto Invitrolon PVDF membranes (Invitrogen). The membranes were blocked for 1h with 5% milk in TBST (10 mM Tris, pH 8.0, 150 mM NaCl, 0.5% Tween 20) and incubated overnight at 4 °C with antibodies targeting YY1 (1:500, mouse sc-7341, H-10, Santa Cruz Biotechnology) or VINCULIN (1:2000, mouse V9131, Sigma Aldrich) proteins. Proteins of interest were detected using 10 a Peroxidase-conjugated antibody (Goat anti-mouse, 1:10 000, Sigma Aldrich) with the Pierce ECL Western blotting substrate (Thermo Scientific).
Nascent RNA pulldown.
Nascent RNAs were purified using the Click-iT Nascent RNA capture kit (Invitrogen). Briefly, cells were incubated for 1h at 37°C with DMEM supplemented with 0.5 mM final of Ethynyl Uridine and 15 total RNAs were extracted using TRIzol reagent. 2µg of total RNAs were used for the biotinylation reaction using 0.5 mM of biotin azide. 1µg of biotinylated RNAs were used for the pulldown assay using Dynabeads MyOne Streptavidin T1 magnetic beads. Reverse transcription was performed using the Superscript VILO cDNA Synthesis Kit (Invitrogen) for 1h at 42°C. cDNAs were diluted 1:2 before RT-qPCR to quantify nascent gene expression. For each sample, a condition without EU was 20 processed in parallel (EU-) and a 10% input (biotinylated RNA before IP) was used to assess enrichment of EU-labelled transcripts after pulldown, in both EU+ and EU-conditions. The values presented in the figures represents ∆(-Ct) values levels normalized to the nascent level of the H2A gene.
RNA-FISH. 25
Cells preparation. Naïve H9-NK2 and primed hESCs were grown on coverslips. pMEFs, IMR90 and naïve H9 lines were centrifuged onto SuperfrostPlus slides (VWR) using the Cytospin 3 Cytocentrifuge (Shandon). The cells were fixed for 10 min in a 3% Paraformaldehyde solution Xist genomic locus (Debrand et al., 1998; Rougeulle and Avner, 1996) human XIST intron 1/2 Oligo-FISH probes (Stellaris) are listed in Table S1 . 10
Hybridization. 100 ng of probes were supplemented with 1µg of Cot-I DNA (Invitrogen) and/or 3µg of Sheared Salmon Sperm DNA (Invitrogen). After precipitation, the probes were resuspended in deionized formamide (Sigma Aldrich), denatured for 7 min at 75 °C and further incubated for 15 min at 37 °C if Cot-I DNA was used. Probes were mixed with an equal volume of 2X Hybridization Buffer (4XSSC, 20% Dextran Sulfate, 2mg/ml BSA, 2mM VRC). Coverslips were dehydrated in 80-100% 15 ethanol washes and incubated with the hybridization mix at 37°C overnight in a humid chamber.
Next, the coverslips were washed for 4 min at 42°C three times with 50%formaldehyde/2X-SSC (pH7.2) and three times with 2X-SSC. The coverslips were mounted in Vectashield plus DAPI (Vector Laboratories).
Immunofluorescence coupled to RNA-FISH. 20
Immunofluorescence coupled to RNA-FISH was performed as described previously (Vallot et al., 2017 (Abramoff et al., 2004) , and are represented as a 2D "maximum projection" throughout the manuscript. The volume of XIST RNA clouds was assessed on stacks using the plugin 3D object counter from ImageJ (Bolte and Cordelieres, 2006) .
Cellular fractionation. 35
Cellular fractionation was performed on at least 5 millions of cells to allow precise estimation of the to the RNA quantity present in each fraction, from which we computed the abundance of the transcript in a given fraction.
Chromatin immunoprecipitation.
ChIP experiments were performed as described previously (Navarro et al., 2010). 20 Cells were crosslinked in 1% Formaldehyde (Cliniscience) for 10 min and quenched with 0.125 mM glycine for 5 min. Nuclei were extracted after 30 min incubation in Swelling Buffer (5mM PIPES pH8.0; 85mM KCl; 0.5% NP-40). Samples were then sonicated in TSE150 buffer (0.1% SDS; 1% Triton; 2mM EDTA; 20mM Tris-HCl pH8; 150mM NaCl) using a Bioruptor Sonication System (Diagenode, UCD-200). 1-2µg of antibody were incubated overnight with 5-20µg of chromatin and 25 protein A Magnetic Beads (Thermo Scientific). The following mix was then washed in TSE150, TSE500 (20mM Tris-HCl pH8; 2mM EDTA; 0.1% SDS; 1% Triton X-100; 500mM NaCl), Washing buffer (10mM Tris-HCl pH8; 1mM EDTA; 250mM LiCl; 0.5% NP-40; 0.5% Na-deoxycholate), twice in TE (10mM Tris-HCl pH8; 1mM EDTA) and eluted in TE/1% SDS. After reverse-crosslink (overnight, 65°C), the samples were purified using a phenol-chloroform extraction, resuspended in 30 water and further analyzed by qPCR in duplicates on both IP and input DNA. All values were processed following the 2-ΔCt method and normalized to the input. The primers used for qPCR are available in Table S1 . The antibodies used in this study are listed below:
CTCF
Millipore, Cat#07-729, Lot: 2452497 YY1 Abcam, Cat#ab109237, Lot: GR188694-6 35
H3K9me3
Diagenode, Cat#pAb-193-050, Lot: A1671-001P Total RNA Pol2
Active Motif, Cat#91151
RNA Pol2 CTD Ser5P Active Motif, Cat#91119
Lentivectors production.
Lentiviral particles were produced by transient transfection of HEK293T cells using the calcium-5 phosphate transfection method. The lentiviral constructs of interest were co-transfected with pMD2.G (Addgene #12259) and psPAX2 (Addgene #12260) plasmids (kindly provided by Didier Trono).
After 48h, the culture media was collected, and lentiviral particles were concentrated by ultracentrifugation. For each construct, we assessed the lentiviral titer by infection of HEK293T with serial dilution (1:3) of the lentivirus into DMEM and FACS analysis. 10
CRISPR inhibition.
The CRISPR inhibitor system (Gilbert et al., 2013) JPX promoter was deleted in primed H9 hESCs using the CRISPR-Cas9 system. To proceed, plasmid constructs harboring both the sgRNA sequence and the Cas9 fused to a reporter gene were used to allow subsequent selection of transfected cells by FACS. sgRNAs downstream of JPX TSS were 30 cloned into a Cas9-GFP construct while upstream guides were cloned into a Cas9-mCherry construct.
Therefore, double GFP+/mCherry+ positive cells represent the fraction of cells simultaneously transfected with the two sgRNAs, where the probability for a direct deletion event was increased.
Guides design and cloning. DNA oligonucleotides corresponding to the sgRNAs sequences were obtained with the online software Zifit (http://zifit.partners.org/ZiFiT/ChoiceMenu.aspx).
Oligonucleotide pairs were annealed to generate short double-stranded DNA fragments with overhangs compatible with the ligation into the BbsI-digested plasmid (pSpCas9(BB)-2A-GFP, Addgene #48138, Feng Zhang Lab). We also replaced the GFP by a mCherry reporter to produce a pSpCas9(BB)-2A-mCherry plasmid using the NEBuilder HiFi DNA Assembly Cloning Kit (New England Biolabs). The sequences of the guides are listed below: For each clone, the number of X-chromosomes was validated by qPCR on genomic DNA using: Resources for genomic data.
We downloaded data generated by the ENCODE Project Consortium corresponding to CTCF, RAD21, SMC3, CEPBP, H3K27Ac and H3K4me3 ChIP-seq performed in IMR90 cells; K562 chromatin state hidden Markov model (ChromHMM) and H3K27me3 ChIP-seq and K562. H9 RNAseq (Vallot et al., 2013) and CTCF ChIP-seq (Ji et al., 2016) were obtained from the GEO repository 35 under the accession numbers GSM978784, GSE62562 and GSE69646 respectively. We obtained sequence conservation of the human XIC from the UCSC Genome Browser (Kent et al., 2002) corresponding to the 100 vertebrates Base-wise Conservation by PhyloP.
All heatmap from in situ Hi-C datasets (Bonev et al., 2017; Dekker et al., 2017; Rao et al., 2014) represents raw observed matrix visualized at a 5kb resolution and were visualized using the Juicebox 5 suit (Durand et al., 2016a) . Domains and loops coordinates were obtained from the corresponding studies.
For ChiA-PET datasets, long-range chromatin interactions and signals tracks were obtained from: (i) the ENCODE project (https://www.encodeproject.org) for POLR2A (ENCSR000BZY) and CTCF (ENCSR000CAC) ; (ii) the GEO repository for SMC1 ChIA-PET (GSE69643) (Ji et 10 al., 2016) . SMC1 ChIA-PET was processed using Juicer Tools (Durand et al., 2016b) for heatmap visualization. All datas were visualized with the Integrative Genomics Viewer (Robinson et al., 2011) or the UCSC Genome browser (Kent et al., 2002) or on the WashU Epigenome Browser (Zhou et al., 2013; Zhou et al., 2011) ).
Resources for single-cell RNA-Seq. 15
RPKM (Reads Per Kilobase Millions) tables of single-cell RNAseq datasets performed on human embryos (Petropoulos et al., 2016) were obtained from a previous analysis (Vallot et al., 2017) .
Briefly, RPKM values were computed following a gene-based model and counts falling on regions overlapping two genes were discarded. Unless stated, we used log2(RPKM+0.001) as expression levels for representation and for computation of Pearson's correlation scores. For lineage 20 assignments, we used the metadata from (Stirparo et al., 2018) . All graphical plots were obtained using R (version 3.0.2) with the ggplot2 package (version 1.0.1).
Statistical information.
Throughout the manuscript, RT-qPCR barplots are presented as the mean value with error bars corresponding to standard deviation. The exact number of biological replicates are indicated by the 25 value "n". Statistical tests used to compute statistical significance are specified in figures legend. 
